AD-A130 078

UNCEASSIFIED

AUTGMATIC DETECfION OF HAIL BY RADAR{U) -AIR FORCE
GEOPHYSICS LAB HANSCOM AFB MA P J PETROCCHI 29 SEP 82
AFGL-TR-82-0277

F/G 4/2 NL




fl2

22 Tl e

rrrrtEEE
EEEE

FrEErE
I >
Fr

==
— N
® |lio

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




ADAT Bvi7g

OTe FILE COPY

AFGL-TR-82-0277
ENVIRONMENTAL RESEARCH PAPERS, NO. 796

Avutomatic Detection of Hail by Radar

PIO J. PETROCCHI

29 SEPTEMBER 1982

Approved for public releass; distribution unilimited.

METEOROLOGY DIVISION PROJECT 6670
AIR FORCE GEOPHYSICS LABORATORY

HANSCOM APB, MASSACHUSETTS 0170)

AIR FORCE SYSTEMS COMMAND, USAF




This report has been reviewed by the ESD Public Affairs Office (PA)
and is releasable to the National Technical Information Service (NTIS).

This technical report has been reviewed and
is approved for publication.

DR. ALVA T, STAIR, Jr
Chief Scientist

Qualified requestors may obtain additional copies from the
Defense Technical Information Center. All others should apply
to the National Technical Information Service.

Lo L 2 e Y
et B e o I G A e attni it e 0




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

[T REPORT NUMBER 2. GOVT ACCESSION NO. 3._QE NT'8 CATALOG NUMBER
b AFGL-TR-82-0277 AD-A 13N f7§

4. TITLE (and Subtitle) v S YYPE OF REPORTY & PERIOD COVERED

AUTOMATIC DETECTION OF HAIL BY RADAR Scientific. Final, j
1]

6. PERFORMING ORG. REPORT NUMBER
ERP No. 796

7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(s) J

Pio J. Petrocchi

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

. . . AREA & WORK UNIT NUMBERS

Air Force Geophysics Laboratory (LY R) 62101F

Hanscom AFB 66700704

Massachusetts 01731

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPQORT DATE

Air Force Geophysics Laboratory (LY R) 29 September 1982

Hanscom AFB 73, NUMBER OF PAGES

Massachusetts 01731 3

4. MONITORING AGENCY NAME & ADORESS(if different from Controlling Otlice) 165, SECURITY CLASS. fof this report;

Unclassified

15a DECLASSIFICATION DOWNGRADING |
SCHEDULE

16. DISTRIBUTION STATEMENT (of thia Report)

et
ankiaanis

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if different {rom Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identity by block number)
Weather radar Critical success index
Hailstorms

Hail identification

Radar observations

20 ABSTRACT /Continue on reverse side |l necessary and identily by block number)

== > An automated model algorithm for identifying hailstorms by radar is des-
cribed. Hailstorms are identified by totaling seven weighted indicators based |
on a three-dimensional reflectivity structure of an ideal hailstorm. The
weighting functions for each indicator and the total identifying the storms were
determined by testing the algorithm with radar data that were verified by 1
ground truth data. By use of these findings, the probability of detecting hail is :
94 percent with a false alarm ratio of 6 percent for a critical success index
(CSI) = 0. 886 for this test sample. —.

DD , 3% 1473 Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




. 4 LN
o e %\ T tovetlons
| &% © ive abi1d e
« b v ) +
N v2ility Codes
2 LY Wt and/or
.-t Toiel
'

Preface

The author is indebted to Major Carlton L. Bjerkaas who suggested the concept
of the hail algorithm, and to Mr. Steve Nelson of the National Severe Storm Labora-
tory (NASSL) who provided the ground truth hail verification data for this study.

His thanks also to Mssrs. Ralph Donaldson and Kenneth Glover for guidance;

Mr. Donaldson not only reviewed the report but suggested a number of very helpful
improvements. Finally, the author thanks Mr. Aragam R. Nagesh of the Systems
and Applied Sciences Corporation (SASC) for editing of the hail algorithm documenta-

tion included in the Appendix.




Contents
1. INTRODUCTION 7
2. HAIL INDICATORS 8
3. ALGORITHM TESTS 10
4, TEST CONSIDERATIONS 11
5. WEIGHT DETERMINATION 12
6. TEST EVALUATION 14
7. HAIL IDENTIFICATION 15
8. CONCLUSIONS 20
REFERENCES 21
APPENDIX A: Hail Algorithm Description 23
iHlustrations

1. Vertical Cross Section of Radar Reflectivities in a Model Hailstorm
2. Radar Slice Schematic of the Model Hailstorm Shown in Figure 1 9

3. Variation of SCIs as a Function of SCOREs for Three Confidence

Factor Ranges 17
4. Conditional Flow Diagram for ldentifying Hailstorms 17




Summary of the Indicator Tests and the Calculated CSIs, PODs,
and FARs for 206 Observations

Weighting Functions Determined From CSIs for Each Indicator

Truth Table Showing the Results of the Indicator Tests for Four
Sample Radar Observations

Hail Success Indices vs SCORESs for Three Confidence Factor
(CF) Ranges

Hail Identification Summary and Success Indices for 206 Radar
Observations




Automatic Detection of Hail by Radar

1. INTRODUCTION

There has long been a need for an operationally etfective means of distinguishing
storms that produce hail. Over the vears, radar meteorologists have been able to
identifv hail-producing cells with some success by examining radar returns for one
or more storm characteristics such as echo tops, maximum retlectivities, heights
of various retlectivities and tilt. Recently, Lem:m1 performed a studv of the exist-
ing hail identification techniques; he derived a set of verv successtvul severe hail -
storm identification criteria for the WSR-57 radar based on the three-dimensional
reflectivity structure of a model severe hailstorm.

The structural nature of the Lemon hail criteria suggested the development of
a hail analysis algorithm for automated identification of hailstorms. The tvpes of
data required to test the conditions in the criteria are readily available in our
existing Modular Radar Analysis System (MRAS). 2 In the course of development,
we added six additional hail indicators to supplement the Lemon criteria. Four of
these proved useful.

(Received for publication 29 September 1982)

1. Lemon, L.R. (1978) On the Use of Storm Structure for Hail Identification,
Preprints, 18th Conference on Radar Meteorol., Boston, Am. Meteorol. Soc.,
203-206.

2. Forsyth, D.E., Bjerkaas, C.L., and Petrocchi, P.J. (1981) Modular Radar
Analysis Software System (MRASS), Preprints, 20th Conference on Radar

Meteorol., Boston, Am. Meteorol. Soc., 696-693.
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2. HAIL INDICATORS

Our nine hail indicators were formulated to determine the existence of radar
reflectivity structural features generally associated with hail producing cells.
These hail features are represented schematically in a model of an ideal hail cell

(Figures 1 and 2).

HEIGHT (km)

RANGE (km)

Figure 1. Vertical Cross Section of Radar
Reflectivities in a Model Hailstorm

Descriptions of the nine hail indicators and the rationale for their use are

presented as follows:
1. Mid-level (5 to 12 km reflectivity is at least 50 dBZ. Indicators 1 through 3

are almost direct adaptations of the Lemon criteria. Indicator 1 tests for a given

reflectivity value in the mid-level regions, Lemon found from studies by Donaldsons

3. Donaldson, R.J, (1961) Radar reflectivity profiles in thunderstorms,
J. Meteorol, £:292-305.




Figure 2. Radar Slice Schematic of the Aodel Hailstorm
Shown in Figure 1

and Dennis et al‘1 that the height of a given reflectivity 1s more significant than the
veak reflectivity values for indicating the occurrence of hail. We found this to be
s0 in our preliminarv testing, but we increased the threshold value suggested by
l.emon from 45 dBZ to 50 dBZ to decerease the munber of false alarms,

2. Mid-level 30-dBZ contour extends at least 4 km bevond the 40-dBZ lowest

level contour. Indicator 2 tests for the overhang of the mid-level echo over the
edge of the low-level echo. This test checks for the existence of a weak echo region
(WER) indicative of strong updrafts usually associated with severe hailstorms. !

The WER is shown in Figure 1 as a region of reflectivity less than 30 dBZ located
under a mid-level reflectivity contour that is at least 30 dBZ. As a result of our
preliminary tests, we altered the extent of the overhang in the Lemon criteria from
6 km to 4 km.

3. The echo top lies over a mid-level overhana.  Indicator 3 tests for the posi-

tion of the echo top relative to the low level echo position. While indicator 2 tests
for the existenve of a persistent updraft at low levels, indicator 3 tests for its
relative strength at upper levels. Lomonl concludes that if we have a strong

updraft in a strongly sheared environment, we should find the top above the weak

4. Dennic, A.S., Smith, P, L., Jr., Bovd, E.bL, and Musil, 0.0, (197D Radar
Observations of Hailstorms in Western Nebraska, South Dakota Schaool of

Mines and Technologv, Final Report, NSITGrant GA-1518, 42 npp.
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echo region or above the overhang itself. These conditions are shown in our hail -
storm model.

4. The maximum reflectivity at any level is at least 55 dBZ. Indicator 4
searches for a peak reflectivity value above a given threshold. This type of
indicator has been used in the past with varying degrees of success.

5. The area of the 30-dBZ echo at any mid-level is at least 10 percent greater

than the area of the lowest level 30-dBZ echo., It was the intent of indicator 5 to

supplement indicator 2, From our hail model, it would appear that the area of a
mid-level slice would always be larger than the area of a low-level slice.

6. The direction of tilt lies to the right of and/or behind the direction toward

which the cell is moving. The direction of tilt is defined as the horizontal angle

between the dirvection of the cell motion and a line directed through the centroid of
a mid-level slice. A centroid is the calculated center of mass for a given slice as
shown bv lower case letters a, b, d, and e i1 the hail model. Indicator 6 supple-

nments the test by indicator 3 and confirms the existence of a WER on the right or

rear flank of a cell, as shown by the model hailstorm.

7. The 30-dBZ top is at least 8 km. FEcho tops have long been used as a means

it detecting hail, One problem is the selection of proper height thresholds which
varv in different geographic regions and with the height of the tropopause. The
combination of reflectivity threshold and height (30 dBZ, 8 km) was selected for the
Oklahoma storms on the basis of preliminarv tests,

8. The direction of tilt is towards the south., This test supplements the test

bv indicator 6. If we assume that most cells move in an easterly direction, this
indicator tests for a cell tilt to the right of the cell direction as does indicator 6.
Indicator 8 covers cases where the direction of movement for a given cell is

unknown,

9. The movement of a cell is to the right or left of the mean motion of all cells.

Indicator 9 was introduced as an experimental indicator to determine if hailstorms
have a preferred direction of motion relative to the direction of motion of

ther storm cells,

3. ALGORITHM TESTS

The hail algorithm is one of four Special Analvsis Modules (SAMS) operating
under the Modular Radar Analvsis Svstem (MRAS). 2 I'he MRAS also preprocesses
the radar data acquired during an antenna volumetric scan sequence and saves these
data for use by the SAMs. The volumetric scan consists of a predetermined number
f azimuthal scans at selected elevation steps. A typical volumetric scan sequence
that we used for our data acquisition was composed of five 360° azimuthal scans at

clevations of 0,2, 0.5, 1.5, 3.0, and 5.0 degrees.
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Representations of tne data acquired by the volumetric scan sequence are
shown in Figures 1 and 2. The straight lines represent elevation radials that
venerate slices through a given cell, For each slice, the MRAS provides data
defining tne slice elevation angle, cross sectional urea enclosed by tne 30-dBZ
retlectivity contour, coordinates of the weighted centroids (center of mass), maxi-
mum reflectivity, and the time of observation. For each cell, data are provided
defining tne muximum reflectivity, .aeigat of the cell's tallest slice, and the cell’
speed and direction,

Tunese acquired data are used by tne nail algorithm to determine an assignme
of one of three labels for each nail indicator. A "Y'" is assigned if the conditions
of tne indicator ure met; an "N" is assigned if tne conditions are not met; finally,
4 'L is assigned if the conditions of tae indicator cannot be tested because of
insufficient data. An insufficient data situation occurs when the predetermined
volumetric scan sequence does not permit measurements above a required altitude.

A more detailed description of tne hail algorithm is included in Appendix A.

4. TEST CONSIDFRATIONS

The hail algorithm was tested on arcnived radar data obtained by a 10-cm radar
in Oklanoma during the Joint Doppler Operational Project (JDOP). 5 Our test re-
sults were verified by ground truth data providcd by S. Nelson of the National Severe
Storm Laboratory (NSSL) from a ground observer network located west of the radar
site. We tested data from nine selected days of diverse weather situation including
a total of 206 observations. A valid observation required at least one of the two
following conditions: A radar cell was identified within coverage of the ground
observer network and/or a ground observer report was submitted of precipitation
occurring during tne period of radar operation.

For each observation, we performed our nine hail indicator tests., The out-
come of each test and the associated ground report for the observation was used to
classify the test into one of five categories: x, y, z, w, and u. Category x
(successes), represented tests where the conditions of the indicator were met and
hail was verified within an area defined by tne 30-dBZ contour of the cell. The time
constraint for hail verification required that the time of the reported event be within
the period required to complete a volumetric scan which was typically 5 min. Time
uncertainties reported by the ground observers were added to the time constraints.

These uncertainties w=re generally less than 5 min. Category v (failures) represented

5. JDOP Staff (1979) Final Report on the Joint Doppler Operational Project (JDOP)
1976-1978, NOAA Tech. Memo, ERL NSSL-86 Norman, OK, 84 pp.
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tests where the conditions of tne indicator were not met altnough hail was verified.
Category z (false alarms), represented tests where the conditions of the indicator
were met but hail was rot verified. Category w represented tests where the condi-
tions of the test were not met and hail not verified. Category u (unknowns},
represented tests that could not be made owing to insufficient data.

We used the results of the tests to establisn weighting functions for each of tne
nine hail indicators. Upon finding these functions, we were able to total a score
for each observation that was a sum of the successful weignted indicators. We then
used these scores to identify a given radar observation in one of four ways: a

hailer, a probable hailer, a nonhailer, or an unknown.

5. WEIGHT DETERMINATION

We based our assigned weighting functions on the critical success index (CSI)b
for each indicator., Donaldson defined the CSI as the ratio of successful predictions
of 4 critical event to the sum of successful predictions plus unsuccessful predic-

tions of both types. Interms of our test categories, we can express wnis as:
CS1 = x/(x+y+2) . (n

The results of our tests were used also to determine probabilities of detection
(PODs) and felse alarm ratios (FARs).
The probability of detection is the proportion of nail events correctly predicted

by the indicator test:
POD = x/(x+y). (2)
The false alarm ratio is the proportion of false indicator ~redictions of hail:
FAR = z/(x+2) . (3)

A summaryv of the indicator tests and the calculated success indices are shown in
Table 1,

It can be noted that test categories w and u are not used to determine the success
incices. While the rejection of u is obvious, the rejection of w requires some
clarification. It would appear that a prediction of no hail when in fact hail was not

6. Donaldson, R.J., Dver, R.M., and Kraus, M. (1975) An Objective Evaluator
of Techniques for Predicting Severe Weather Events, Preprints, %h Confer-
enice on Severe local Stox'm:. Boston, Am. Meteorol. Soec., 321~ .
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reported, constituted a success. The problem lies in the uncertainties in observing

and reporting a nail event. liight hail can be cusily masked when embedded in a
heavy shower, or its occurrence can be missed if the edge of the nail falls a short
distance away from an observer. In Table 1, we can see that w is large when com-
pared witn x + v + 2. Uncertainties in w would overwhelm the meaning of any
measure of the reliability of the hail iden*ification technique which depends on w.

Another reason to ignore w is that the number of nonhail events greatly exceeds
the nun ber of hail events. One can envision the use of a very insensitive hail
indicator to predict hail. If w were counted us a success, the overwhelming
number of w's relative to a few failures to predict hail would result in a deceptive
high sl Finally, any index involving w, even if w is measured accurately, would
tell us more sbout the climatological occurrence of hail rather than the success of
E the hail identificuation method.

Table 1. summuary of the Indicator Tests and the Calculated CSIs, PODs, and
FARs for 206 Obscerviations

Indicator 1 2 3 4 5 6 7 8 9
X 36 30 10 17 16 26 8 34 20
v 1 2 1 4 21 11 0 5 19
2 5 8 1 37 8 10 2 7 25
8 101 92 88 113 99 70 79 87 25
u 63 T4 106 0 62 89 117 73 117
CSI 0.857 0.750 0.833 0.505 0.336 0.553 0.800 0,i39 0.312
POD 0.973 0.938 0.909 0.839 0.432 0.703 1.00 0.872 0.513
FAR 0.122 0.210 0.091 0.440 0.333 0.278 0.200 0.171 0,556

Although we recognize that the hail indicators are not totally independent
parameters, they were treated as such by normalizing the CSls to compute a weight-

ing function \\l for cuch indicator i as shown by the expression:

_ 1
\\1‘W— (4)
1= 1

where N = the number of indicators.
This equation gives the highest weights to those indicators with the highest

CSIs where the sum of 4l the indicator weights W to \\'n = 1. It should be noted

1
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that this technique dqges not maximize the PODs « -~ minimize the FARs, The CS1
is a parameter measuring the over-all effectiver ¢ss of our prediction and includes
both the hail events that we failed to predict and our false alarms. It has a range
of values from 0 to 1 with 1 being a perfect predictor and 0 meaning we haven't
improved our prediction at all.

Listed in Table 2 are two sets of weighting functions for each hail indicuator.
The first set of functions was calculated from the Csls determined in our tests,
From these results we can see that indicators 5 and 9 are not useful as hail pre-
dictors because of their low CSls. A second set of functions and the ones we finally

used were calculated without indicators 5 and 9.

Table 2. Weighting Functions Determined From CSls for Each Indicator

=3
Indicator 1 2 3 4 5 6 V 8 a
Set | 0.19 0,14 0.18 0.06 0. 03 0.08 0,16 0. 14 0. 02
l Set 2 0.20 0,15 0,18 0. 07 0.08 0.17 0. 15

6. TEST EVALUATION

These initial results show the relative validity of the nine hail indicators,  An
important comparison is one that we can make between the combined CS] of the first
three indicators and the combined CSI ol the parent WSR-57 hail criteria, We ob-
tained a CSI of 0. 813 compared to a CSI of 0,700 obtained by Lemon, ! This appas -
ent discrepancy can be attributed to the fact that two different criteria were used
to verify the successful hail predictions. In the WRS-57 hail criteria evaluation
tests, 1 a successful prediction required hail falls with stone diameters = 1,9 em,
No minimum size limitations were imposed to verify hail falls that were predicted
by our hail algorvithm which would in effect result in fewer false alarms and a better
CS1 value.

One of the unexpected results of the tests was the low effectiveness of the
55-dBZ reflectivity (indicator 4) as a dependable hail indicator.  In another study
by l)enm.‘i.4 in Nebraska, high reflectivity provided an excellent indication of hail,
We can attribute these conflicting results at least in part to climatological factors,
as suggested bv Donaldson, 8 Our data included many thunderstorms that produced
heavy showers but no hail,  High reflectivities detected 1n these storms resulted in
false alarms that lowered the magnitude of the CS1, It should be noted, however,
that the magnitude of the POD is still at an acceptable level and we should not

underestimate the usefulness of this indicator,

14
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Anather result in question is the unrealistic POD value of 1,00 shown under
mdicator 7030 437, 3 km). Unfortunately we did not abtain a {arge enough data
samplie to permit a completely reliable evaluation for this indicator. A shift of
st onte sample from a succeess to farlure category would have had a large influence
e the POD value, Our data sample was small because the heights of more than half
vothe total storm= could not be determined owing to antenna elevation limits during
tta dequisition, We stll feel, however, that this indicator is an excellent hail
are betor,

frdicator 8 Ohe direction of tilt ties to the right of and/or behind the direction
rowdard which the cell is moving) and indicator 8 (the direction of tilt is towards the
south) are velated in that thev both test for the direction of storm tilt., Surprisingly,
the tests show that indicator 8 15 siignificantly better than indicator 6. In retro-
spect it appears that the conditions for testing indicator 6 were too restrictive,
sarticularly in determining a tilt to the rear of the storm direction,

OF the nine andicators tested, 5 and 9 have CSIs below 0, 500, We could not,
oeourse, use these indicators an making the final hail determinations. However,

they stll remain in the hail algorithm for future test purposes,

T HAIL IDENTIFICATION

We used the results of the indicator tests to formulate threshold values to
wdentify g piven radar observation, Our thresholds were determined by a scoring

method described below,

Table 3. Truth Table Showing the Results of the Indicator Tests for Four Sample
Radar Observations

Indicator 1 2 3 4 5 6 7 ¥YSUM NSUM CF SCORE OBSID
Weight 20 15 18 7 & 17 15 68 24

Obs 1 Y Y Y N U N Y 68 24 92 T4 HAIL
(Obhs 2 Y N N Y N N U 27 58 85 32

Obs 3 Y Y U Y N . ! 42 8 50 84 PRORB
Obs 4 [ U N Y v U 4 7 15 53 UNKN

In Table 3, YSUM is the weighted sum of tests that have met their criteria (Y)s;

NSEUAM 15 the weighted sum of tests that have not met their criteria (N)s.  The (1)s
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are tests that could not be performed because of insufficient data; CF is the sum of
YSUNM and NSUM. Since CF is the maximum possible weighted sum for tests that
could be performed for a given cell, we can consider CF as a Confidence Factor
for that cell; CF = 100 if all of the tests are performed. A relative score (SCORE)
is determined by a ratio of the sum of the successful tests to the total possible sum

or
SCORE = (YSUM/CF} X 100 . (5)

After finding the SCORESs for each of the 206 observations in our tests, we
endeavored to find the best SCORE thresholds that could identify storms with the
highest probability of success. The CSIs, PODs, and FARs were calculated for
ten ranges of the SCORE and for three ranges of the confidence factor (CF) as shown
in Table 4. Once again, for each SCORE and CF rangeé we define x as cells in which
hail indicator conditions were met and hail confirmed; y as cells in which hail indi-
cator conditions were not met but hail reported; z as cells in which the hail condi-
tions were met but hail not confirmed; u as cells in which the hail indicator condi-
tions could not be tested; and w as cells in which the indicator conditions were not
met and hail not reported. The confidence level ranges were arbitrarily chosen to
show the trend of success indices as the confidence level increases.

A comparison of the CSls vs SCORE for the three CFs is shown by the graph in
Figure 3. From the graph, we can see that the best threshold for identifying hail-
storms for all three CFs is a SCORE that is at least equal to 60, We can also see
that as the CF becomes greater we increase our CSI but lose some of our cell popu-~
lation, A good compromise for identifying hailstorms turns out to be aSCORE 2 60
with a CF > 50,

Figure 4 provides a flow diagram showing the required conditions for deter-
mining our four storm identifiers. Radar observations in which only 25 percent or
less of weighted tests could be made (CF = 25) are disregarded and labeled as
unknown (UNKN)., Remaining storms with scores = 60 are labeled as hailer (HAIL)
if CF > 50 or as probable hailers (PROB) if CF < 50, Observations with scores < 60
are considered to be nonhailers. Going back and applying the hail algorithm to our
data that included 206 radar observations, we obtained the results shown in
Table 5,
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Table 4. Hail Success Indices vs SCOREs for Three Confidence Factor (CF)
Ranges
CF >0
SCORE 20 =2 10 z 20 2 30 2 40 > 50 = 60 z70 > 80 > 90
X 56 53 53 52 51 51 51 48 42 39
y 0 3 3 4 5 5 5 8 14 17
z 150 42 37 35 32 28 24 23 23 21
u 0 0 0 0 0 0 0 0 0 0
w 0 108 113 115 118 122 125 127 127 129
CSl 0. 27 0. 54 0. 87 0.57 0.58 0.61 0. 64 0.61 0. 53 0.51
POD 1. 00 0.95 0.95 0.93 0.91 0.91 0.91 0. 86 0.75 0.70
FAR 0.73 0. 44 0.41 0.40 0. 39 0.35 0.32 0. 32 0.35 0.35
CF > 25
SCORE =0 z 10 = 20 2 30 z 40 z 50 > 60 270 > 80 > 90
X 37 37 37 37 35 35 35 32 26 20
vy 0 0 0 0 2 5 11 14
z 106 21 17 15 12 8 3 2 2
u 63 63 63 63 63 63 63 63 63 63
w 0 85 89 91 94 98 101 103 104 104
CSI 0.26 0. 64 0. 69 0.71 0.71 0.78 0. 83 0. 80 0, 67 0,59
POD 1. 00 1.00 1. 00 1. 00 0. 95 0. 95 0. 95 0. 87 0.70 0. 62
FAR 0.74 0. 36 0.32 0.29 0. 26 0.19 0, 12 0. 09 0. 07 0,08
CF > 50
SCORE >0 10 > 20 z 30 z 40 > 50 > 60 >70 80 > ug
33 33 33 33 31 31 31 28 23 20
0 0 0 0 2 2 2 5 10 13
97 13 10 8 5 3 2 0 0
76 76 76 76 76 76 76 76 76 76
0 84 87 89 92 94 95 a7 a7 a7
0. 25 0.72 0.77 0. 80 0.82 0. 86 0. 89 0. 85 0.70 0.61
1.00 1. 00 1. 00 1.00 0.94 N.94 0. 94 . 85 0.70 0.61
0.75 0.28 0.23 0.29 0. 14 0. 09 0. 06 0. 00 0. 00 0.00
18
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Table 5. Hail Identification Summary and Success Indices for 206 Radar

Observations
Number of

Cell Observations Hail Failed to False Alarms

Identifiers Identified Occurrences Detect Hail of Hail
Hailers 33 31 2 2
Prob Hailers 7 4 0 3
Nonhailers 103
Unknowns 63 19

Cell Successes Failures False

Identifiers (x) (y) Alarms (z) POD FAR C(CSI
Hailers 31 2 2 0.939 0.061 0,886
Hailers and 35 2 5 0.946 0,125 0,833
Prob Hailers

Out of 206 observations, the hail algorithm identified 33 cells as HAILERS.
Only two of the identified HAILERS were false alarms and only two hail occurrences
were not identified by the algorithm to give as a probability of detection (POD = 0, 939,
a false alarm ratio (FAR) = 0.061 and a critical success index (CSI) = 0.886. We
were able to identify an additional seven PROBABLE HAILERS by using a lower
confidence factor but we also increased our false alarms. When using the lower
confidence factor we in effect improved our probability of detection to 0, 946 but
increased our false alarm ratio to 0, 125 and decreased our critical success index
slightly to 0.833. Out of the 103 observations identified as NONHAILERS, only two
were reported as hailers., We did not use these observations to calculate our
success indices because of the uncertainties in the reporting of nonsevere events
but the correct identification of a NONHAILER is in fact a successful prediction.

All of the results of the most current analysis are stored on disc for subsequent
call by the MRAS print and plot modules. Qur print output lists the results of the
analvsis in a format similar to the one shown in Table 3. The plot output is dis-
displayed on a CRT monitor in conjunction with the track output. In addition to
other track information, each cell is annotated with a symbol H, P, U or a blank
to indicate il the cell was identified as a hailer, a probable hailer, an unknown or

a nonhailer, respectively, and the associated score.
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8. CONCLUSIONS

We have shown that hailstorms can be automatically identified with a high degree
»f reliability by computer processing of real-time radar data. The advantages over
the past hail identification techniques are twofold, First, the computer processing
allows testing of many hail criteria. We were able to make at least nine tests
without timing limitations. Although we did exclude two of our initial tests, the
results indicate that our CSI increases as a function of the number of valid tests.
Our second advantage lies in the nature of the automatic technique, allowing an

analysis of every storm within the radars coverage area,
The onlv apparent limitations of the automatic hail detection technique is the

data acquisition constraint by the elevation scan sequence, A typical scan sequence
used to acquire the data for our study was composed of five elevations that included
0.2, 0.5, 1.5, 3.0, and 5.0 degrees. At a maximum elevation of 5.0 degrees, we
could not measure tops of storms above 8 km when the ground ranges of the storms
were less than 86 km. We were able (o test storms within this range with other
hail indicator tests but with less confidence.

In this study we were able to correlate storms producing hail without size dis-
tinction to a SCORE threshold resulting from successful indicator tests. A natural
extension of this work would be to correlate also hail size to the magnitude of the
SCORE. Recalling that the SCORE is actually a ratio of the positive tests to the total
tests performed, we can use only SCOREs where 100 percent of the tests were per-
formed to make a valid SCORE vs hail size correlation. In our study we found 93 obser-
vations in which 100 percent of the tests were performedbut only 6 of these observa-
tions were hailers, We tried to correlate the SCORE of these observations to hail
size but the results were inconclusive. Qur inability to make the SCORE vs hail
size correlation can be linked to our inability to make all of the indicator tests
particularly in cells within 86 km.

It should be pointed out that the elevation scan sequence used to acquire our
data has been designed with other objectives in mind. We intend to continue our
hail studies using a tailored elevation scan sequence that will enable complete testing
of more cells. One of the primary objectives of future studies will be to extend

»ur hail identification capability to include a prediction of hail size.
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Appendix A f
‘
Hail Algorithm Description i
E
I
Al. FUNCTIONAL DESCRIPTION
The purpose of this algorithm is to predict one of the following four cases: I

® a given storm produces hail,

® 1 given storm probably produces hail
e a given storm does not produce hail,
)

a given storm cannot be analyzed due to lack of insufficient data.

This algorithm analyzes storm data available in a specific format as described
by the following. A storm is defined as a three-dimensional region of significant
reflectivity values (= 30 dBZ). It is assumed to be made up of two dimensional
circular storm components occurring at different elevation angles of radar cbser-
vation, A storm component has associated with it, a centroid, a maximum re-
flectivity value and an area. The centroid is represented in a Cartesian coordinate
system with the radar at the origin. The X-axis denotes east-west directions and
the Y-axis denotes north-south directions. The maximum reflectivity value in a
storm component is defined as the largest value of reflectivity obtained from the
radar for the resolution volumes within the identified storm component. The area
of a storm component is defined as the area of the circle representing the actual
storm component. The centroid, the maximum reflectivity and the area for each
storm component within a storm are obtained (refer to STORM STRUCTURE,
NX-DR-03-009) as inputs to this algorithm. Additional storm parameters will be
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used as prime inputs. These are the estimated speed and direction of storm move-
ment, the maximum reflectivity value within a whole storm, and the height of the
storm's highest detectable storm component.

Two definitions are necessary to understund the process of analyzing the
storm data. First is the overhang. A storm is said to have an overhang if the edge
of the storm component at height between 5 km and 12 km extends beyond the cdge
of a storm component at the lowest elevation by at least 4 km. Second, a storm is
said to have a tilt, if the centroid of a midlevel storm component is to the right or
to the rear of the lowest level storm component.

Eight hail predictors are used to determine whether a given storm produces
hail, will probably produce hail, or will not produce hail. A weight is associated
with each predictor based on the empirical study of storms at AFGL.. The pre-

dictors and their weights are:

1. The highest detectable storm component is at least 8 km, (Weight = 17)
2.  The maximum reflectivity value within a storm is greater than 55 dBZ.
(Weight = 7)
3. The centroid of the lowest level storm component is to the north of
a centroid at any higher level (Weight = 15)
4. The direction of tilt is between 45 and 100 degrees to the right of
the direction of storm movement. (Weight = 8)
5. The area of a storm component at any midlevel elevation is
greater than that at the lowest elevation. (Weight = 0)
6. The maximum reflectivity in a storm component at midlevels
(that is, 5 to 12 km heights) is at least 50 dB4. (Weight = 20)
7. The overhang at the midlevel extends to at least 4 km beyond a
lower level storm component. (Weight = 15)
8. The highest elevation storm component exists above a midlevel
overhang. (Weight = 18)

The above predictors can be identified in two ways. A positive identification
occurs when sufficient data exists to test for the presence of the corresponding con-
dition associated with the predictor. Second, a probable identification occurs when
sufficient data does not exist (for example, the radar could not take measurements
beyond u fixed elevation angle). The algorithm tests for ¢nese two types of pre-
dictors and then computes two sums, one using only positive predictors and another
using only probable predictors. The decision of labelling a4 storm as positively,
probably, or not hail producing, or storm data is insufficient for hail unalvsis is

then made as indicated by the procedure section.




ALl Source

This algorithm has been implemented by Air Force personnel at the Air Force
Geophysics Laboratory (AFGL), Sudbury, Massachusetts

Al2 Processing Environment

The HAIL algorithm is implemented as one of four special analysis modules
that operate under the Modular Radar Analysis Software Systems (MRASS) (see
Reference 2 in Section 1) implemented at AFGL, Sudbury. The algorithm requires
outputs from the modules implementing algorithms described in STORM STRUCTURE
(NX-DR-03-009), STORM FORECAST (NX-DR-03-008), and STORM CENTROIDS
(NX-DR-03-005).

A2. INPUTS

A2.1 Mentification

AREA = Areas of the storm components of an identified
as given by STORM STRUCTURE (NX-DR-03-009).
DIRECTION = Direction of motion of each identified storm as

given by STORM FORECAST (NX-DR-03-008). If
the direction is not determined by STORM FORECAST,
then its value is set as unknown.
ELEVATIONS = Elevation angles of each radar scan constituting
one volume scan.
MAXIMUM STORM
REFLECTIVITY all storm components of each storm. )
SPEED = Speed with which each identified storm is '
moving as given by STORM FORECAST ,
(NX-DR-03-008). If the speed is not determined i
by STORM FORECAST, then its valuc is set

as unknown.

Maximum detected reflectivity value among

STORMS = Identifiers for three-dimensional regions
characterized by a number of storm components
taken at successive elevations and with
reflectivity values above a given threshold.

STORM COMPONENT

REFLECTIVITY individual storm component.
STORM TOP = Altitude of the centroid of the highest detectable

storm component in each storm. If the storm

Maximum reflectivity value detected in an

component is detected at the highest elevation

angle the value is signed as a negative number.
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LIMES = Observation times at the beginning of each radar
scan, one for cucn elevation ungle,

N-POSITION = X-positions of the mass weighted centroids
(centers of muss) of the storm components
observed at TIMLS,

Y -POSITION = Y -pousitions of the mass weighted centroids (centers
of mass) of the storm components observed
at TIMES.

WEIGHL = Weight factor associated with each of the

huail predictors identified in Section Al,

2 Acquisition

AREN 13 acquired as an output from STORNM STRUCTURLE (NX-DR-03-009).
ELEVATIONS and TIMES are acquired directly as measured values from the
Doppler radar,

SPEFD and DIRECTION are acquired as outputs from STORM FORECASL
(NN-DR-03-008).

STORNMS are acquired as outputs from STORM CENTROIDS (NX-DR-03-005).
N-POSILION, Y-POSITION, STORM 1T0OP, MAXIMUM STORM REFLECTIVITY,
and STORM COMPONENT REFILECTIVILY are acquired as outputs from STORM
SERUCLHURE (NX-DR-03-009).

WEIGHT is a syvstem supplied parameter whose value is based on the study of hail

producing storms.

A3. PROCEDURE

A3l Algorithm

BEGIN ALGORITHM (HAIL)

1.0 COMPUIE (AVERAGE SPEED)
2.0 COMPULI'E (AVERAGE DIRECTION)
3.0 DO FOR ALL (STORMS)
3.1 IF (SPEED is unknown)
FHEN (Set SPEED to AVERAGE SPEED)
END IF
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I (DIRECTION is unknown OR DIREC VION differs from

the AVERAGE DIRECTION by 90° or imore)
LHEN (Set DIRECTION to AVERAGE DIRECTION)

END IF

IF (5LTORM LOP is not known)
l_fM ({Identifv probable HAIL PREDICTOR #1)
END [V
B (SLORM LTOP is at least 8 km)
THEN (Identify positive HAIL PREDICTOR #1)
LEND IF
I (MANINMUM STORM REFLECTIVITY is greater than
535 dBZ)
ii[_ﬁ‘ (Identifyv positive HAIL PREDICTOR #2)
END IF
COMPUL'E (XN-SPEED
COMPUTE (Y-3PEED)
DO FOR ALL (ELEVALTONS)
3.8.1 COMPUILE (RADIUS)
3.8.2 COMPULE (RANGE)
3.8.3 COMPULTE (HEIGHL)
END DO
DO (ELEVATIONS) FROM (Second lowest) TO (Highest)
3.9.1 COMPUTE (X-DISPLACEMENT)
3.9.2 COMPULE (y -DISPLACEMENTT)
3.9.3 COMPULILE (DELLIA ANGLE)
3.9.4 COMPULE (DISLANCE)
3.8.5 I_J_ O -DISPLACEMENT is negative)
THEN ‘ldentify positive HAIL PREDICTOR #3)
1ND 1k
3.9.6 IF (DELLA ANGLE is between 45 and 180 degrees)
THEN (Identify positive HAIL. PREDICTOR #4)
LND IF
3. 9.7 1F (RADIUS of current storm component is greater
than RADIUS of lowest elevation storm component)
THEN (Identify positive HAIL PREDICTOR #5)
END IF
3.9.8 1F (HEIGHT of the current storm component is not
between 5 and 12 km AND STORM TOP is not known)
THEN (Identifv probable HAIL. PREDICTOR #6)
(Identify probable HAIL PREDICTOR #7}
END IF




o T GIRIGHT o the carrent storns component is
between 5 oand 12 kne AND STORM COMPONENL
REPLECLIVILY as preater than 50 dBZ)

THEN ddentify positive HALL PREDICTOR #6)
LND 1L
B 100 IE CHEIGHL of the Jowest wlevidtion storn. component
15 less than 5 ki AND HEIGHT of the current storm
component 15 between 5 and 12 ko
THEN COMPLULE (OVERHANGH
I COVERHANG 15 preater tnan 4 ke
THEN adentits posptive HAlL PREDICTOR <73
NDTE

.ND Do
30100 IF (HEaGHL of the Jus* storm component 1s abo e the HEIGHT
ot U stornn component fnat Has the OVERHANG)
THEN COAM'E L ~LORM LOP DISTANCED

1S LTORM 1OP DISLANCEHE is less thun or equul to

e RADIU » of the storn component that contuins
the OVERLANG)
THEN (dentify positive HAIL PREDICTOR #8)
END I
END IU
3.11 IF (S1ORM LOP is not known)
TN (Identity probable HAIL PREDICTOR #8)
END IV
3.12 I A(SLTORM TOP is unknown AND HEIGHY of the highest
clevation storm component is less than 5 km)
THEN (Identify probable HAIL PREDICTORS #2, #3, #4, and #3)
END IF
3. 13 COMPUTE (POSITIVE WEIGHIL)
3,14 COMPULVE (PROBABLE WEIGHT)
3.15 COMPUTE (CONFIDENCE FACTOR)
3.16 11" (CONFIDENCLE FACTOR is greater than 25)
THEN COMPULE (SCORE)

ELSE (LABEL the current STORM as having insufficient data)
END I}




o~

3.17 IF (SCORE is less than 60)
THEN (LABEL the current STORM as a non-hail producer)
IF (CONFIDENCE FACTOR is greater than 50)

THEN (LABEIL the current STORM as a hail producer)

ELSE (LABEL the current STORM as a probable producer of hail)

END IF
END 1F
3.18 WRITE (LABEL)

END DO

END ALGORILTHM (HALL)

Ad.2

Computation

A3.2.1 NOTATION

3 = AVERAGE SPEED OF N storms in km/sec.

N = Number of storms whose speeds are known.

Si = Speed of i“) storm from SPEED in km/sec.

D = AVERAGE DIRECTION of N storms in radians.

l)i = Direction of ith storm from DIRECTION in radians.

S.\i = NX-SPEED, X-component of the speed of the i”1 storm in
km/sec.

SY, = Y-SPEED, Y-component of the speed of the im storm
in km/sec.

i = RADIUS of the storm component of the ith storm at jth

elevation in km,

A Rij = Area ())f the storm component of the ith storm at j“1 elevation
in km” from AREA,

Pi = Mathematical constant having a value of 3.1416.

R('i'. = RANGE to the centroid of the storm component of the i”

’ at .j”] clevation in km.

XL'” = X-l’(f).:ITl()N of tlflﬁ centroid of the storm component of
the i storm at j  clevation in km.

\'C,lj = \'—l’(t):ITl()N of “:ﬁ centroid of the storm component of
the i~ storm at i elevation in km.,

”i,i = ”El(t;ll1rr of the cofx:]t roid of the storm component of
the 1 storm at | elevation in km.

(p‘ = The jm elevation angle in radians available from
ELEVATIONS,
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dx. . = X-DISPLACEMENTYT, relative distance in the X-direction

between the location of the cantroid of the i'h storm

-

at jth elevation and the location of the centroid of the .

ith storm at lowest elevation in km. :
dT . = lime elapsed between radar scan at jth elevation

and radar scan at lowest elevation in seconds.
d\'ij = Y-DISPLACLEMENT, relative distance in the .

Y -direction between the location of the centroid

of the 1m storm at jm elevation and the location of the

centroid of the i”l storm a* lowest elevation in km,
dQ. = DELTA ANGLLE, the horizontal angle formed by a

line from the centroid of the storm component of

the i“l storm at jHl elevation and the centroid of the

storm component of the same storm at lowest ¢levation

tu w line that is parallel to the direction of the storm's movement.

HD. . = The horizontal DISTANCLE between the centroid of the
tt

storm component of the i Vstorm at xm elevation and the
centrotd of the storm component of the same storm wt
lowest elevation in km,

Q.. = OVERHANG, the distance between the edge of the storm

component of the i”1 storm at i“l elevation and the

furthest edge of the storm component of the same storn:

at lowest elevation in km.

()l)i - STORM 1T0OP DISUANCIL, the horizontal distance between

i

. th
the centroid of a storm component of the 1 storm at .

midlevel altitude (5 km to 12 km) and the centroid of the

storm component of the sume storm at the highest clevation, i

in km. i
PSsw = POSITIVE WEIGHL, total weight of all the positive hail ;

predictors identified. i
PRW = PROBABLE WEIGHT, total weight of all the probable

hail predictors identified.

POS = POSSIBILITY, a number indicating the measure of the

probability of labelling 4« STORM to be a potential hail
producer.

NOTE: This algorithm has been implemented on a 32-bit minicomputer.
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A3.2.2 SYMBOLIC FORMULAS
COMPUTE (AVERAGE SPEED)

N
3 =[ > (Si)]/N

i=1

COMPUTE (AVERAGE DIRECTION)

N
b =[ > (Di)]/N

i=1
COMPUTE (X-SPEED)
SXi = (Si) (sin Di)
COMPUTE (Y-SPEED)
SYi = (Si) (cos Di)
COMPUTE (RADIUS)
1/2

Rij = (A Rij/Pi)

COMPUTE (RANGE)

- 1/2
RCyj = [(SC;)) (XC; )+ (YC ) (YC, )

COMPULE (HEIGHT)

ij

where 1, 21 is the index of refraction and 6371 is the

radius of earth in km.
COMPUTE (X-DISPLACEMENT)
d‘Xij = XCij B (Xci(lowest)

COMPUTE (Y-DISPLACEMENT)

dY55 7 YCii 7 Y owest)

_ 2 .
H.. = {(RCij) /((2) (1. 21) (6371)1} + {(Rcij) (sin (¢J.))}

+ (8X.) (dT.)
1 ]

+ (SYi) (de))
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COMPUYE (DELTA ANGLE)

= -1 ax ’ - i
inJ.-[tan (d)\ij/d\ij)] D

COMPUTE (DISTANCE)

i 2 ,\2,1/2
HD;, = [(dX; )% + (dY; )

COMPULE (OVERHANG)

Ojj = HDj; + Ry = Rinowest)

COMPUTE (SITORM TOP DISTANCE)

)2 4+ (dy, 2172

ob; = [(dXi(mid) B dXi(highest) i(mid) ~ in(highest)))

COMPUTE (POSITIVE WEIGHT)

—m oy
PR

PSW = Sum of the WEIGHT of positive HAIL. PREDICTOR #i,

where i is index for positive predictors

COMPUTE (PROBABLE WEIGHT)

PRW = Sum of the WEIGHT of probable HAIL PREDICTOR #j, ’
where j is the index for probable predictors

COMPUTE (CONFIDENCE FACTOR)

CF = 100 - (PROBABLE WEIGHT)
COMPUTE (SCORE)

SCR = ((POSITIVE WEIGHT)/(CONFIDENCE FACTOR))*100 !

A4. INFERENCES

A4.1 Limitations
This algorithm is limited to three-dimensional reflectivity structure and
assumes that all storm component are circular. To provide optimum results, the
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volume data should be acquired ut elevation angles which permit sampling up to

8 km in altitude over the entire vadar range.

A42  Future Developments

The algorithm is currently undergoing testing to optimize the WEIGHTSs.
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